Abstract In this study, the source location of the 30 May 2015 (M w 7.9) deep-focus Bonin earthquake was constrained using P wave seismograms recorded across Japan. We focus on propagation characteristics of high-frequency P wave. Deep-focus intraslab earthquakes typically show spindle-shaped seismogram envelopes with peak delays of several seconds and subsequent long-duration coda waves; however, both the main shock and aftershock of the 2015 Bonin event exhibited pulse-like P wave propagations with high apparent velocities (~12.2 km/s). Such P wave propagation features were reproduced by finitedifference method simulations of seismic wave propagation in the case of slab-bottom source. The pulse-like P wave seismogram envelopes observed from the 2015 Bonin earthquake show that its source was located at the bottom of the Pacific slab at a depth of~680 km, rather than within its middle or upper regions.
Introduction
The 2015 Bonin earthquake was a large deep-focus M w 7.9 earthquake that occurred on 30 May 2015 beneath the southwest of Ogasawara (Bonin) Islands (red focal sphere in Figure 1a ) due to subduction of the Pacific slab into the Izu-Bonin-Mariana (IBM) trench. This event caused strong ground acceleration (>50 cm/s 2 ) around the Tokyo metropolitan area, which is located approximately 800 km away from the epicenter. The centroid moment tensor (CMT) solution of this earthquake estimated by F-net-full range seismograph network operated by the National Research Institute for Earth Science and Disaster Resilience (NIED) [Okada et al., 2004] -revealed a lateral tension mechanism, a seismic moment of 8.66 × 10 20 Nm, and a centroid depth of 680 km. This centroid depth is approximately 100 km greater than those of typical deep-focus earthquakes in and around the same region (gray circles in Figure 1a ). As considering the relatively large uncertainties associated with source-depth estimation and slab configurations at greater depths, a greater source depth for the 2015 Bonin earthquake means that this event could occur either at the bottom of the Pacific slab or within the lower mantle. Precisely constraining the source location of this earthquake-in particular, whether at the bottom of the subducting slab or within the adjacent lower mantle-provides new and important insights into our understanding of the seismotectonic environment of the IBM subduction zone and the causes of deep-focus earthquakes at greater depths.
In this study, we focus on high-frequency P waveforms of the 2015 Bonin earthquake recorded by F-net and Hi-net (high-sensitivity seismograph network by NIED; [Okada et al., 2004] ) stations in northeastern Japan. This high-frequency seismograph record contains key information about heterogeneities within the slab and the location of the seismic source. High-frequency (>1 Hz) seismic waves are efficiently guided in heterogeneous slabs by multiple forward scattering, which can be attributed to an internal quasi-lamina structure formed by laterally elongated small-scale velocity heterogeneities. Deep-focus intraslab earthquakes are commonly characterized by a spindle-shape P wave seismogram envelope with several seconds of peak delay and long-duration coda [e.g., Furumura and Kennett, 2005; Kennett and Furumura, 2008; Chen et al., 2013; Shito et al., 2013; Sun et al., 2014] . We compared high-frequency P waveforms recorded from F-net and Hi-net stations across Japan for the 2015 Bonin earthquake and shallower events occurred inside the slab in order to accurately constrain the location of the hypocenter. We corroborate the observations by numerical simulations of seismic wave propagation in a heterogeneous slab based on a finite-difference method (FDM). Figure 1a ). We applied a zero-phase Butterworth filter with a passband frequency of 1-8 Hz. The high-frequency P wave seismograms of the 2015 Bonin earthquake (Figure 1b ) have large signal arrivals just after P onset, showing a simple pulse-like P wave seismogram envelope. No spindle-shape seismogram envelopes with peak-signal delays were observed for this event, although it was found as a typical character of high-frequency P waves for most deep-focus earthquakes in the various subduction zones of the world [e.g., Furumura and Kennett, 2005; Kennett and Furumura, 2008; Sun et al., 2014] . The aftershock of the 2015 Bonin earthquake, which had a similar hypocentral location to the main shock and could be characterized by a simpler rupture process with shorter rupture duration, shows similar (but simpler) pulse-like P waveforms ( Figure 1c ).
By contrast, waveforms for a M w 6.7 event located at a depth of 460 km (black focal sphere in Figure 1a ) exhibit a spindle-shape P wave seismogram envelope with long-duration coda and peak-amplitude delay of approximately 5-6 s ( Figure 1d ) as we could not noticed in the seismogram for the 2015 Bonin earthquake.
Since that the observed peak delay time is longer than its rupture duration time [e.g., Frohlich, 2010] , it was not arose due to larger source. Note that such properties of spindle-shape P waveform with longer peak delays are commonly observed for intraslab events of M w 5.4-6.5 at depths of 400-520 km beneath 
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southwest Bonin (Figures S1 and S2), as is explained by multiple forward scattering of high-frequency seismic wave during propagation through a heterogeneous slab [e.g., Kennett, 2005, 2008] . Thus, the observed simple pulse-like P waveforms for the 2015 Bonin main shock and aftershock indicate that both occurred at a different source location compared to the most other earthquakes occurred within the slab, and that the radiated P waves did not mainly propagate through the slab.
The pulse-like high-frequency P wave seismogram envelope for the main shock and aftershock of the 2015 Bonin earthquake was examined in detail using filtered vertical-component velocity seismograms of dense Hi-net stations ( Figure 2 ). The frequency response of the short-period Hi-net sensors with a natural frequency of 1 Hz was corrected to make a broadband record using the program of Maeda et al. [2011] . In a record section of the aftershock across northeastern Honshu and Hokkaido (Figure 2a ), a distinct pulse-like P phase with an apparent velocity of approximately 12.2 km/s was clearly identified. Note that a sudden delay of P wave arrivals occurred due to the low-velocity anomaly beneath south of Hokkaido [Kita et al., 2010] . This fast apparent velocity correlates with a theoretical travel time curve for a source located below the 660 km discontinuity (orange line in Figures 2a and 2b) . Theoretical travel times for a shallower source located above the 660 km discontinuity (blue line in Figure 2b ) are characterized by triplication of P wave arrivals at epicentral distances of 1200-1800 km; a feature that was not observed during the 2015 Bonin earthquake. This result implies that the 2015 Bonin earthquake occurred at a depth of~680 km, with its P waves having mostly propagated through the lower mantle.
Numerical Simulation of High-Frequency Seismic Wave Propagation in a Heterogeneous Slab
Independent evidence for the 2015 Bonin earthquake hypocenter being located at the bottom of the subducting Pacific slab was obtained by using numerical modeling. The characteristics of high-frequency seismic wave propagation from a deep-focus earthquakes were examined using two-dimensional (2-D) FDM simulations of seismic wave propagation between the source region and Hokkaido (along the red dashed profile line shown in Figure 1a) . Though a set of experiments, we will examine not only the arrival times (apparent velocity) but also the shapes of seismogram envelopes, and coda excitation properties of P waves for earthquakes occurred both inside and outside of the subducting Pacific slab. 
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The model of the FDM simulation covered the vertical plane of 2100 × 1000 km 2 , which was discretized with a smaller grid interval of 0.05 km. Technical details of the simulation are described in Takemura et al. [2015] . The geometry of the subducting Pacific slab was constructed using Slab 1.0 [Hayes et al., 2012] and the GAP_P4 [Fukao and Obayashi, 2013 ] models embedded into the background velocity structure model of ak135 [Kennett et al., 1995] . The subducting slab model without small-scale velocity heterogeneities around source region is shown in Figure S3a . On the basis of thermal modeling and tomography studies, densities and P wave and S wave velocities within the slab were assumed to be 2-5% larger than background structures [cf. Furumura and Kennett, 2005; Padhy et al., 2014] . Figure 1e shows the assumed 2-D P wave velocity structure model, where it can be seen that the 660 km discontinuity slightly deepened around the source region of the 2015 Bonin earthquake [Castle and Creager, 1998] . Slab structure at greater depths might have larger uncertainties, but the configuration of our slab model is consistent with other studies [e.g., Wei et al., 2015] . We assumed relatively high Q values for P and S waves in the subducting slab (Q P = 2000, Q S = 1000), compared to the surrounding mantle (Q P = 800, Q S = 500) and the crust (Q P = 600, Q S = 300).
Small-scale velocity heterogeneities in the crust, mantle, and oceanic mantle were incorporated in the model using stochastic random velocity fluctuations characterized by an exponential power spectral density function (PSDF). PSDF parameters for each layer were referred from previous studies [e.g., Furumura and Kennett, 2005; Takemura et al., 2009; Sato et al., 2012] (see Table S1 in the supporting information). Spatial variation of velocity fluctuations is shown in Figure S3b . An Earth-flattening transformation [e.g., Shearer, 2009 ] was applied to the velocity and density parameters in order to incorporate the spherical-Earth effect into our rectangular FDM model. The seismic source for the 2015 Bonin earthquake was represented by a single-cycle Kupper wavelet function [Mavroeidis and Papageorgiou, 2003 ] with a maximum frequency of 8 Hz, and a double-couple source mechanism for this event was assumed following the CMT solution of the F-net. Large amount of seismic moment was released during rupture around hypocenter area [Ye et al., 2015] , thus it was expected that this earthquake could be modeled as a point source.
First, we examined the change in P waveforms with different source locations: at near upper surface (530 km depth), middle (610 km), and bottom (680 km) of the subducting Pacific slab (Figure 3) . Snapshots of the seismic wavefields for source depths of 530 km and 610 km showed that the high-frequency P and S waves were effectively trapped within the slab, as a result of multiple forward scattering within the slab (left sides of Figures 3a-3b) . The long-duration P wave coda was excited during propagation within the quasi-lamina structure of the slab, and consequently spindle-shape P wave seismogram envelopes were developed. These features derived from the simulations for upper slab and middle-slab sources have been commonly observed during earthquakes with depths of 400-520 km in and around this region (Figures 1, S1 , and S2). On the other hand, our simulation considering a source at the bottom of the subducting slab ( Figure 3c ) developed a pulse-like P wave, where most of its energy was concentrated near to its wavefront. P wave energy radiated from the slab-bottom source immediately propagated into the lower mantle with high P wave velocity. Weaker heterogeneities within the mantle maintain a pulse-like P wave propagation. Notably, different characteristics for simulated P waveforms with different source locations suggest that the 2015 Bonin earthquake occurred at the bottom of the subducting Pacific slab, rather than its upper or middle portions. We also tested the rupture directivity effect referring to the model of Ye et al. [2015] as another simulation. The simulation result including the directivity ( Figure S4 ) also shows large amplitude signal just after P onset, showing a simple pulse-like P wave seismogram envelope. It suggests that the rupture directivity is minor effect on high-frequency seismogram envelopes.
Additional FDM simulations were subsequently conducted in order to examine the sensitivity of the source location around the bottom of the slab. Figure 4 shows simulated record sections for sources located 20 km leftward, upward, downward, and rightward from the original position (yellow stars labeled a-d; Figure 4 ). These results showed that a slightly shallower source (Figure 4b ) develops a clear triplication of P wave arrivals (red dotted lines). Record sections for these modified leftward and upward sources (Figures 4a-4b ), which are located deeper inside the slab compared to original one, show long-duration P wave coda . By contrast, the two modified sources located outside of the slab (Figures 4c-4d) show shorter P wave durations, and it is difficult to distinguish the accurate source location from the record sections. Our simulation results show that the observed pulse-like P wave envelopes from the 2015 Bonin earthquake is the proof of source located either at the bottom of the subducting slab or outside of it in the lower mantle, but not from anywhere deep inside the slab.
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Discussion
Our numerical simulations cannot strictly distinguish whether the 2015 Bonin earthquake occurred at the bottom of the subducting Pacific slab or within the adjacent lower mantle. Recently, Ye et al. [2015] studied the source rupture process for the 2015 Bonin earthquake based on waveform inversion using teleseismic data and reported that the earthquake has a stress drop and radiation efficiency of 38 MPa and 0.34, respectively. These values are Figure 3c . In each snapshot, P and SV wavefields are colored red and green, respectively, and are generated from sources at depths of (a) 530 km, (b) 610 km, and (c) 680 km (denoted by stars). Yellow stars represent the assumed source depths for each individual simulation. Orange line in Figure 3c is theoretical travel times for P waves at depths of 680 km, assuming the ak135 model.
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not significantly different from other deep-focus earthquakes within the slab [e.g., Venkataraman and Kanamori, 2004] . This suggests that the 2015 Bonin earthquake is more likely to have resulted from a brittle rupture within the subducting Pacific slab rather than one outside of it (i.e., within the lower mantle).
Miller et al. [2004, 2005] reported that the Pacific slab have an anomaly of physical properties in the region around the 2015 Bonin earthquake hypocenter. They suggested that most earthquakes occurring within this anomaly have lateral tension mechanism, potentially related to slab tearing. The 2015 Bonin earthquake with lateral tension mechanism may thus also be related to slab tear around this region. The large amount strain required to have caused the 2015 Bonin earthquake may have been provided by the complex nature of oblique subduction of the Pacific slab along the IBM arc.
